B
ecause the cardiac myocyte has a limited capacity for regeneration, most forms of heart disease, including ischemic heart disease and heart failure, are characterized by a loss of cardiomyocytes. [1] [2] [3] Historically, any evidence of prolonged left ventricular dysfunction after myocardial ischemia was thought to be caused by irreversible myocyte damage. This traditional concept was challenged with the discoveries of myocardial stunning (in which ischemia is followed by prolonged but fully reversible dysfunction), 4 ischemic preconditioning (in which a brief ischemic episode protects the myocardium against a subsequent episode of sustained ischemia), 5 and hibernating myocardium (in which chronic dysfunction resulting from repeated ischemia recedes after bypass revascularization). 6, 7 Hibernating myocardium is submitted to repetitive bouts of ischemia caused by normally occurring increases in myocardial metabolic demand in the face of significant coronary stenosis and limited coronary reserve, yet it does not develop irreversible damage. 8, 9 The diagnosis of this condition is of the highest priority in patients with chronic coronary artery disease, because successful coronary revascularization and restoration of coronary flow reserve in hibernating myocardium are followed by an improvement of contractile performance; 10, 11 however, if left untreated, this condition leads to progressive exacerbation of heart failure and death.
Despite the abundant descriptions of altered flow, contraction, and metabolism, [12] [13] [14] [15] [16] [17] mechanistic insights into why hibernating myocardium survives during chronic ischemia have been limited. Previous studies at the molecular level have focused mainly on the regulation of genes and proteins, which might explain the reduced cardiac contraction of hibernating myocardium in an animal model or in the human heart, 18 -22 because these studies focused on proteins regulating Ca 2ϩ flux, 18 -20 inflammatory response, 21 or ␤-adrenergic receptor density. 22 No study specifically addressed the mechanisms related to prolonged survival, except for the measurement of the heat-shock protein HSP70 in an animal model 19 and in patients. 20 It is our hypothesis that long-term genomic mechanisms also subtend the survival capacity of this chronically ischemic myocardium. Therefore, the goal of this study was to determine whether the hibernating heart activates the expression of genes promoting cell survival, both in biopsy samples from patients with chronic hibernation and in a swine model, which reproduces the pattern of repetitive ischemia characterizing hibernation in the human heart. 23 We focused our analysis on transcripts that are known to protect the heart by blocking apoptosis while promoting cytoprotection and cell growth. 24 This cluster of genes includes the inhibitor of apoptosis (IAP), a powerful caspase inhibitor, 25 as well as cytoprotective heat-shock proteins (such as HSP70), which dramatically reduce ischemic cell death both in vitro and in vivo. 26 -28 We also described an upregulation of H11 kinase (H11K), a novel signaling molecule promoting both cytoprotection and cell growth in the heart. 29 In addition, the hypoxia-inducible factor-1␣ (HIF-1␣) represents a master switch in the metabolic and functional adaptation to chronic anaerobic conditions 30 by stimulating glucose metabolism (through the stress-responsive glucose transporter [GLUT1]) and angiogenesis (through the vascular endothelial growth factor [VEGF]). Increased reliance on glucose and increased collateral flow are 2 characteristics of the hibernating heart. 9 Because the simultaneous activation of these genes represents a powerful cardioprotective mechanism to limit irreversible cell damage in vivo, we tested whether this pattern of gene induction applies to the heart of patients with evidence of hibernating myocardium.
Materials and Methods

Human Studies
Twelve patients with coronary artery disease and chronic left ventricular (LV) dysfunction without previous clinical myocardial infarction in the area of interest and awaiting bypass surgery were studied. The main eligibility criterion was the demonstration of tissue viability in 1 or more chronically dysfunctional segments subtended by stenotic coronary arteries in patients devoid of acute coronary syndromes. Global and regional LV function was assessed by cine cardiovascular magnetic resonance (CMR), and the presence of viable myocardium was confirmed by Ͻ50% transmural uptake of gadolinium using CMR. 31 In 6 patients, myocardial viability was confirmed by maintained uptake (Ͼ0.25 mol/min per gram of tissue) of 18 F-fluorodeoxyglucose (FDG) with positron emission tomography (PET). 32, 33 Absolute regional myocardial blood flow was measured with PET using oxygen-15-labeled water. 34 During bypass surgery, 2 full-thickness biopsy samples (1 from the hibernating, 1 from a remote normally contracting area) were taken from the LV of each patient and frozen immediately. A follow-up cine CMR scan was performed 6 months after bypass to confirm the functional improvement of all hibernating segments for which biopsy samples were obtained. Regional LV function was graded according to a 4-point scale (0ϭnormal, 1ϭmoderate hypokinesis, 2ϭsevere hypokinesis, 3ϭakinesis or dyskinesis). Changes in wall motion Ն1 grade at follow-up were considered significant.
Animal Model
A hydraulic occluder was implanted around the base of the left anterior descending (LAD) coronary artery in female domestic swine (22 to 25 kg). After 3 to 5 days of recovery, ischemia was induced in the conscious animal by inflating the coronary occluder to reduce the blood flow in the LAD by 30% to 40% from baseline. 23 The coronary stenosis was maintained for 90 minutes, followed by complete deflation of the occluder, and repeated every 12 hours up to 6 times. One hour after reperfusion, myocardial samples were taken from both the hibernating area and the remote area of the beating heart after 1, 3, or 6 episodes of ischemia. Three instrumented pigs, in which no occlusion was performed, were used as shams. Myocardial infarction was induced in 3 additional pigs by occluding the LAD artery for 72 hours. Samples were taken in the middle of the hibernating area and in the remote myocardium. In each case, tissues were frozen immediately or fixed in formalin. Measurements were performed in samples taken from subendocardium, and the results were subsequently confirmed in subepicardial samples.
Quantitative Reverse-Transcriptase Polymerase Chain Reaction
The mRNA of interest was reverse-transcribed and used for quantitative 2-step polymerase chain reaction (7700 Prizm; Perkin-Elmer/ ABI) as described. 35 Data are reported per number of cyclophilin transcripts, used as a normalizer (copies of cyclophilin transcript per nanogram of RNA was 1.8Ϯ0.1ϫ10 4 in remote versus 2.2Ϯ0.3ϫ10 4 in hibernating myocardium; not significant).
Western Blotting
Tissue was homogenized as described. 29 Protein extracts were resolved on 12% SDS-PAGE gels and transferred to membranes. Primary antibodies were added at the recommended dilution and incubated overnight. Detection was performed by chemiluminescence. Equal protein loading was verified by Coomassie staining.
TUNEL Staining
Formalin-fixed tissues were dehydrated, embedded in paraffin, and sectioned. TUNEL staining was performed as described. 36 After washing, slides were mounted in a Vector DAPI medium for fluorescent microscopic observation at ϫ40 objective field (Zeiss).
Statistical Analysis
Results are presented as the meanϮSE for the number of samples indicated in each figure legend. Statistical comparison was performed using the Student t test with paired comparison for human samples and using a 2-way ANOVA with Bonferroni correction for swine samples. An expanded Material and Methods section is available in the online data supplement at http://circres.ahajournals.org.
Results
Patient Characteristics
Clinical characteristics are reported in the Table. All biopsy samples were taken from dysfunctional regions without partial-thickness infarction, ie, with no evidence of late gadolinium uptake at CMR. In the 6 patients in whom FDG-PET was also performed, the uptake of the tracer in hibernating segments where the biopsy samples were obtained showed the presence of maintained viability and was not different from the uptake in remote myocardium (Table) . The segment in which biopsy samples were harvested and the number of segments considered as hibernating are indicated for each patient in the Table. Resting myocardial blood flow was 0.91Ϯ0.05 mL/min per gram in the dysfunctional area where biopsy samples were obtained and 0.94Ϯ0.06 mL/min per gram in the remote segments (not significant). Six months after surgery, cine CMR confirmed functional improvement by at least 1 grade in all the dysfunctional segments where the biopsy samples were taken (Table) .
Regulation of Survival Genes in Human Hibernating Myocardium
Tissue samples were obtained from both the hibernating territory and the normally contracting segments. The specific cluster of genes described above was measured by quantitative polymerase chain reaction, and values were compared by paired analysis between hibernating and remote myocardium. The mRNAs encoding IAP, HSP70, H11K, HIF-1␣, VEGF, and GLUT1 were all significantly (PϽ0.05) upregulated in hibernating compared with remote myocardium (Figure 1 ). In particular, the increase in HIF-1␣ can activate the expression of genes involved in angiogenesis (VEGF) and glucose metabolism (GLUT1), suggesting that the hemodynamic and metabolic adaptations 9, 15 described in myocardial hibernation may be a consequence of the gene adaptation. Transcripts unrelated to survival (cyclophilin, adenylyl cyclase 5, T-type Ca 2ϩ channel) did not show significant differences in the hibernating compared with remote area (not shown).
Regulation of Corresponding Proteins in the Human Heart
To test whether the upregulation of these genes was accompanied by an increase in the corresponding proteins, Western blot analysis was performed for H11K, HSP70, and IAP in 5 additional pairs of samples. Figure 2 shows that the protein level of these products was more than doubled in hibernating myocardium compared with the remote area of the same hearts. Therefore, the genomic adaptation is accompanied by a concomitant change in the translation of the regulated genes.
Regulation of Survival Genes in a Swine Model of Repetitive Stunning
Because it has been proposed that the human hibernating myocardium may result from repetitive episodes of ischemiareperfusion, we determined next whether the recurrence of ischemia plays a role in the expression of this cardioprotective mechanism. Therefore, similar measurements were performed in a swine model in which repeated episodes of ischemia-reperfusion reproduce the pattern of myocardial hibernation described in patients. 23 Myocardial samples were taken from the dysfunctional hibernating area (where regional wall thickening was reduced by Ϫ57%, Ϫ54%, and Ϫ36% after 1, 3, and 6 episode of ischemia, respectively) and from the normal territory from the same hearts. As shown in Figure  3 , HSP70, H11K, and IAP transcripts were upregulated after the first episode of ischemia, consistent with our previous observation. 24 We showed before that the expression of these genes progressively returns to basal values during the reperfusion after ischemia and is normalized after 12 hours of reperfusion. 24 However, as shown in Figure 3 , these genes were re-induced by subsequent ischemic episodes. In contrast, the mRNA encoding HIF-1␣ was not different from control after the first episode but progressively increased as ischemia was repeated ( Figure 3 ). Such increase was accompanied by a concomitant upregulation of the downstream target VEGF. In this model, the glucose transporter GLUT1, another target of HIF-1␣, was not significantly affected (not shown), in contrast to the human samples ( Figure 1 ). The proto-oncogene EGR-1, an immediate/early gene with prosurvival function, was induced after the first episode only, and was not reactivated by further episodes of ischemia/ reperfusion. Therefore, a gene program of cell survival including anti-apoptotic, cytoprotective, and growthpromoting genes is induced by ischemia and is sustained chronically as ischemic episodes are repeated. Although some genes already respond to a single episode of ischemia, the full cytoprotective program (including HIF-1␣ and VEGF) requires a repeated pattern of ischemia-reperfusion.
Regulation of Corresponding Proteins in the Swine Heart
To determine whether this transcriptional activation described in swine myocardium is followed by an increase of the corresponding proteins, myocardial expression of HSP70, H11K, and IAP was measured by Western blot in samples submitted to 1, 3, or 6 cycles of ischemia-reperfusion ( Figure  4A ), and the expression was compared between remote and ischemic areas ( Figure 4B ). There was no significant change in the expression of these proteins in the remote zone of the myocardium after 1, 3, or 6 episodes ( Figure 4A ). As shown in Figure 4B , the expression of these 3 proteins was not increased after a single episode of ischemia in the ischemic territory compared with the nonischemic zone, but increased progressively and significantly (PϽ0.05) by the third episode and remained elevated after 6 episodes. Interestingly, the 3-to 4-fold increase of survival proteins in the swine model is comparable to the amplitude of the changes described in the human hibernating heart (Figure 2 ). The data in Figure 4 were Activation of genes of cell survival in swine hibernating myocardium. Quantitative polymerase chain reaction was performed for H11K, HSP70, IAP, HIF-1␣, VEGF, and EGR-1 mRNAs from both ischemic (black circles) and remote (white circles) myocardium after 1, 3, and 6 episodes (epis) of ischemia-reperfusion and compared with sham (sh) controls (nϭ4 per group). **PϽ0.01; *PϽ0.05 versus remote.
collected in subendocardial samples. We examined the expression of these proteins separately in the subepicardium, where we found directionally similar changes (not shown).
To verify that the changes in gene expression occur in cardiac cells, a Western blot for H11K, HSP70, and IAP was performed in isolated cardiac myocytes prepared from the remote and ischemic area of a swine heart submitted to repetitive stunning. As shown in Figure 4C , similar changes were observed in this preparation compared with intact hearts.
The Survival Program Characterizes Viable Myocardium
Because the swine model and human hibernating myocardium are not totally devoid of necrosis, 23, 37 we verified next that the changes in gene expression described are specific of viable rather than necrotic tissue. Three pigs were submitted to myocardial infarction induced by 72 hours of total coronary occlusion. Samples were taken from both the infarcted area and the normal remote tissue. Both the gene and protein expression of H11K, HSP70, and IAP were measured. As shown in Figure 5 , there was a significant decrease of all these parameters (except no change of IAP protein) in infarct tissue compared with normal. Therefore, the survival program cannot be attributed to irreversible injury, but rather characterizes viable myocardium.
Reduction of Apoptosis During Repeated Stunning
We tested the physiological relevance of this progressive upregulation of cytoprotective genes by measuring the rate of cardiac cell apoptosis in the swine myocardium submitted to repeated episodes of ischemia. As shown in Figure 6 , apoptotic cell death measured by TUNEL was increased after a single episode of ischemia but markedly increased after 3 episodes. Subsequently, however, the rate of apoptosis significantly (PϽ0.05) decreased, and the number of apoptotic cells detected after 6 episodes was less than one third of the corresponding value after 3 episodes ( Figure 6 ). This protection was accompanied by a significant increase in the antiapoptotic protein Bcl2 ( Figure 6 ). Interestingly, Bcl2 increased significantly after the sixth episode at the time when apoptosis decreased.
Discussion
Myocardial hibernation represents a condition of chronic regional ventricular dysfunction in patients with coronary artery disease, which is reversible after revascularization. The term "hibernation" referring to this condition was first used by Diamond et al in 1978. 38 Rahimtoola expanded on this concept and proposed that the hibernating heart downgrades its contractile function to reach a new equilibrium with , and IAP in cardiac myocytes isolated from both remote (rem) and ischemic (isch) areas of a swine heart submitted to repetitive stunning. *PϽ0.05 versus corresponding remote territory. reduced blood flow. 6, 39 An alternative hypothesis is that baseline blood flow is maintained in the absence of stress but, because of impaired coronary flow reserve, stress results in an imbalance between myocardial supply and demand. On recovery, myocardial stunning occurs, and when this process is repeated chronically, a chronic depression in regional function, ie, hibernating myocardium, develops. 7, 40 Animal models with reversible regional dysfunction demonstrating either a constant reduction of resting blood flow 18, [41] [42] [43] or repetitive stunning, without a chronic severe reduction in resting blood flow, have been developed. 23, 44 In both situations, the mechanisms responsible for the protection of hibernating myocardium remain unclear. Several experimental models reproduce the hallmarks of human hibernating myocardium, including chronic dysfunction, loss of myofibrils, accumulation of glycogen, alteration of Ca 2ϩ metabolism, and some extent of cell degeneration. 18 ,19,23,41,44 The current study, which compares hibernating myocardium in patients and in a swine model of the clinical condition, shows that these similarities can be extended at the genomic level.
Our findings illustrate a novel mechanism underlying hibernating myocardium in the form of an endogenous genomic program of cytoprotection that could subtend cell survival under conditions of prolonged ischemia. The corollary in our animal model shows that a repetitive pattern of ischemia-reperfusion progressively results in a program of cytoprotection and survival. To assess a functional correlate, we measured apoptosis, which was already increased after the first episode and increased further after the third episode. However, after the sixth episode, apoptosis decreased significantly, most likely because of these mechanisms of cardioprotection. Most importantly, we describe the simultaneous activation of an array of genes, all with the potential of protecting the myocardium when overexpressed individually. [25] [26] [27] [28] 30 Therefore, we propose that such program of cell survival represents a coordinated effort to protect the myo- cardium by additive and complementary mechanisms, which would limit cell degeneration and irreversible injury in hibernating heart. 37, 45 This endogenous mechanism of selfdefense is reminiscent of ischemic preconditioning, in which cardioprotection is conferred by the application of a series of short-term ischemic episodes, 46 and which is also followed by a second window of protection resulting from gene regulation. 47, 48 Previous investigations have addressed the regulation of genes and proteins in hibernating myocardium to better understand the molecular basis for myocardial dysfunction in this condition. 18, 19, 21 As for survival mechanisms, an upregulation of HSP70 has been shown, both in the human myocardium 18 and in a swine model. 19 The study conducted in humans found an increased expression of HSP70 in cardiac tissue from patients with functional reversibility, preserved metabolic activity, and normal resting flow, 20 which corresponds to the criteria of our patient population. Except for HSP70, the survival mechanisms in hibernating heart have been so far reported mainly as a metabolic adaptation. Recently, it was proposed that increased glycolysis is a protective mechanism in the human hibernating myocardium, 45 which is compatible with our observation that HIF-1␣, a strong activator of the expression of genes encoding glycolytic enzymes, and the glucose transporter GLUT1 are upregulated. Therefore, the novelty of our study is the demonstration that the survival mechanisms in hibernating myocardium involve more than a metabolic shift and include the coordinated activation at the gene level of complementary mechanisms limiting cell death. The physiological relevance of this mechanism is illustrated by the decreased rate of apoptosis as ischemia is repeated in the swine model ( Figure  6 ). An alternative, but less likely, explanation for the decrease of apoptosis after 3 episodes is that all the cells meant to die are gone at this time. This is unlikely because the upregulation of a survival program in itself shows that the myocardium remains threatened by ischemic damage, and the efficiency of the proteins described here to limit cell death has been demonstrated in several experimental models.
In addition to illustrating a novel mechanism of protection in a postmitotic tissue, the current study also offers insight into the pathophysiological mechanisms of myocardial hibernation. Figure 3 clearly illustrates that the survival genes activated by a single episode of ischemia are subsequently reactivated as ischemia is repeated, which shows a molecular link between the concepts of stunning (temporary dysfunction after a single episode of ischemia) 24 and hibernation (sustained decrease in contractility caused by repetitive ischemia). This progressive adaptation to ischemia has also been shown for proteins involved in Ca 2ϩ homeostasis. 49 Because it is recognized that hibernating myocardium may include some necrotic tissue, 37 it was important to demonstrate that our results reflected changes in dysfunctional, but viable, chronically ischemic myocardium and not in irreversibly injured tissue. We verified this important point, and our conclusions are supported by at least 4 lines of experimental evidence. The strongest evidence is that the genes and proteins of survival found to be elevated in the current study were also measured in infarcted myocardium with directionally opposite results, ie, they were reduced in infarcted myocardium ( Figure 5 ). In addition, we found similar upregulation of genes and proteins in the subepicardium as well as in the subendocardium in the chronically stunned swine heart. As noted in our previous study describing this model, there was very little subendocardial necrosis (3.4% of the area at risk) in this model, and virtually no subepicardial necrosis. 23 Third, the changes in protein expression were found specifically in isolated cardiac myocytes (Figure 4 ) and therefore cannot be ascribed to an inflammatory reaction or other cell contamination related to the preparation. Finally, the human biopsy samples were taken from areas of myocardium with maintained glucose uptake and presenting no evidence of irreversible damage at CMR. Therefore, the changes in genes and proteins measured in the current study cannot be ascribed to irreversible injury, but rather characterize a genomic adaptation of viable myocardial tissue.
Using the paradigm described here in hibernating myocardium, it is likely that an activation of this gene program in postmitotic tissues could offer a new therapeutic alternative to prevent irreversible cell loss. Our study addressed a specific subset of genes to demonstrate the concept of survival in hibernating myocardium, and it is likely that this concept could be expanded by large-scale genomics techniques. A better understanding of this concept is of clinical importance to expand conditions of maintained cellular viability and functional salvage of the ischemic myocardium. Therefore, deciphering the molecular mechanisms balancing cell growth and apoptosis may help develop strategies to improve the prognosis of both ischemic heart disease and heart failure, which is secondary to coronary artery disease in the majority of cases. It is also conceivable that these novel findings may be useful in determining future tests for the diagnosis of human hibernating myocardium. 
